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SUMMARY

Introduction: Patients with temporal lobe epilepsy (TLE) often suffer from comorbid psy-

chiatric diagnoses such as depression, anxiety, or impaired cognitive performance. Endoc-

annabinoid (eCB) signaling is a key regulator of synaptic neurotransmission and has been

implicated in the mechanisms of epilepsy as well as several mood disorders and cognitive

impairments.Aims:We employed a pilocarpine model of TLE in C57/BJ mice to investigate

the role of eCB signaling in epileptogenesis and concomitant psychiatric comorbidities.

Methods and Results: We sought to alter the neuronal levels of a known eCB receptor

ligand, 2-arachidonylglycerol (2-AG), through the use of RHC80267 or JZL184. Pilocar-

pine-treated mice were treated with RHC80267 (1.3 lmol) or JZL184 (20 mg/kg) immedi-

ately after the termination of status epilepticus (SE), which was followed by daily treatment

for the next 7 days. Our results indicated that RHC80267 treatment significantly reduced

the percentage of mice suffering from spontaneous recurrent seizures (SRS) in addition to

decreasing the duration of observed seizures when compared to vehicle treatment. Further-

more, RHC80267 attenuated depression and anxiety-related behaviors, improved previ-

ously impaired spatial learning and memory, and inhibited seizure-induced hippocampal

neuronal loss during the chronic epileptic period. In contrast, JZL184 administration mark-

edly increased the frequency and the duration of observed SRS, enhanced the previously

impaired neuropsychological performance, and increased hippocampal damage following

SE. Conclusions: These findings suggest that RHC80267 treatment after the onset of SE

could result in an amelioration of the effects found during the chronic epileptic period and

yield an overall decrease in epileptic symptoms and comorbid conditions. Thus, alterations

to endocannabinoid signaling may serve as a potential mechanism to prevent epileptogene-

sis and manipulation of this signaling pathway as a possible drug target.

Introduction

Epilepsy is a common neurological disorder that is frequently

complicated by psychiatric comorbidities such as depression, anxi-

ety, and impaired cognitive performance [1]. Such comorbidities

often decrease the quality of life in patients with epilepsy, often-

times being more debilitating than the primary epilepsy diagnosis

itself [2]. Moreover, mounting evidence showed that psychiatric

disorders themselves may act as risk factors for certain kinds of

epilepsy and may even exacerbate the progression of this disease

[3]. Due to the strong link between psychiatric disorders and epi-

lepsy, there is an increased need to develop novel disease-modify-

ing therapeutic strategies for the effective treatment of epileptic

patients exhibiting these comorbid conditions.

Endocannabinoid signaling is a key regulator of synaptic neuro-

transmission throughout the brain, and its main function is to

modulate neuronal excitability and protect against hyperexcitabil-

ity [4,5]. To this end, cannabinoid compounds, as well as activa-

tion of CB1 receptors or increasing the level of endocannabinoid

through other means, have been shown to have anticonvulsant

effects in several in vitro and in vivo seizure models [6–10]. Impor-

tantly, recent findings have suggested that the endocannabinoid

signaling pathway is disrupted in chronic epilepsy [11–13] and

that altered endocannabinoid tone may contribute to the patho-

physiological mechanisms underlying epileptogenesis [14–16]. In

addition, both direct and indirect activation of CB1 receptors have

been found to produce a broad range of effects on emotional

[17,18] and cognitive regulation [19–21].

Thus far, the most well-characterized endocannabinoids

include arachidonoylethanolamide (AEA) and 2-arachidonoyl-

glycerol (2-AG). Unlike AEA, 2-AG is present at relatively high

levels in the central nervous system and acts as a full agonist

at type 1 cannabinoid receptors (CB1R) [22,23]. It is also the

most abundant molecular species of monoacylglycerol found in

mouse and rat brain [24]. However, the specific role of 2-AG

signaling in patients with epilepsy and psychiatric comorbid

conditions remains unclear. Recently, many compounds that

control 2-AG formation and degradation are emerging, such as
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1,6-bis-(cyclohexyloximinocarbonylamino)-hexane (RHC80267)

and 4-nitrophenyl-4-(dibenzo [d] [1,3] dioxol-5-yl [hydroxy]

methyl) piperidine-1-carboxylate (JZL184), thereby providing

an important means for the study of 2-AG. RHC80267 is an

inhibitor of diacylglycerol lipase (DGL-a), an enzyme that gen-

erates 2-AG from diacylglycerol, while JZL184 is an irreversible

inhibitor for monoacylglycerol lipase (MAGL), which is the pri-

mary enzyme responsible for degrading 2-AG [25]. Previous

studies have shown that administration of these compounds

resulted in a dramatic alteration of brain 2-AG levels, subse-

quently leading to several cannabinoid-related behavioral

effects [26,27]. Accordingly, in this study, using a pilocarpine

model of temporal lobe epilepsy, we aimed to investigate the

effects of RHC80267 and JZL184 on the epileptogenesis and

neuropsychological and cognitive performances in epileptic

mice.

Materials and Methods

Animals

Male C57/BJ mice at 8–10 weeks of age were obtained from the

Experimental Animal Center of the Fourth Military Medical Uni-

versity (FMMU, Xi’an, China). Their weight ranged from 20 to

25 g at the time of acquisition, after which they were housed

under closely monitored environmental conditions (temperature,

24–25°C; humidity, 50–60%) and on a 12-h light/dark cycle

(lights on at 8:00 A.M.). Food and water were provided ad libitum.

All experimental animals were habituated to the laboratory envi-

ronment for 7 days prior to the start of the study. All procedures

used were in strict accordance with the guidelines established by

the U.S. NIH and were approved by the Fourth Military Medical

University Animal Care Committee and were conducted such as

to minimize animal number and distress.

This study consists of two experiments with different specific

aims. Experiment 1 aimed to examine the effects of JZL184 on the

epileptogenesis and neuropsychological and cognitive perfor-

mances. Two groups of mice were used. The first group was the

status epilepticus (SE) + saline (i.p.) group, in which subjects

received a saline injection instead of JZL184 immediately after the

interruption of SE, followed by twice daily i.p. injections of saline.

The second group was the SE + JZL184 (i.p.) group; these mice

received injections of JZL184 immediately after the termination of

SE, which was followed by twice daily injections (i.p.) of JZL184.

Experiment 2 aimed to investigate the effects of RHC80267 on the

epileptogenesis, neuropsychological, and cognitive performances.

In this experiment, each mouse received implantation of a stain-

less steel guide cannula into the right lateral ventricle under anes-

thesia (chloral hydrate, 400 mg/kg, i.p.). A stainless steel guide

cannula was then inserted into the right lateral ventricle at the fol-

lowing coordinates: 0.4 mm posterior to bregma, 1.0 mm lateral

from midline, and a depth of 2.5 mm from the skull surface. The

location of the cannula tip in the ventricle was verified by visual

observation of the free outflow of the cerebrospinal fluid through

the cannula. After affixing each cannula with dental cement, all

animals were singly housed and allowed to recover for 7 days

until they had regained their preoperative body weight and had

no visible signs of infection. Then, animals were randomly divided

into two groups. One group of mice received a saline injection

(i.c.v.) immediately after the termination of SE, which was fol-

lowed by saline i.c.v. once a day (SE + saline (i.c.v.) group).

Another group received RHC80267 i.c.v. immediately after the

interruption of SE, which was then followed by RHC80267 i.c.v.

once a day (SE + RHC [i.c.v.] group). In addition, a group of age-

matched controls without SE were also included in this study. The

flowchart of experimental procedure was shown in Figure 1.

Induction of Status Epilepticus

To verify the occurrence of both SE and reduction in mortality, a

ramping-up protocol was used according to previously published

methods [28]. Specifically, mice were given an i.p. dose of

100 mg/kg pilocarpine (0.9% saline vehicle; Sigma-Aldrich, St.

Louis, MO, USA) every 20 min until the onset of SE. We defined

SE according to two acceptable categories: those that were contin-

uous in nature (lasting for an hour to several hours if not termi-

nated by diazepam) or intermittent seizures that did not have a

full recovery between seizure episodes [29]. The maximum num-

ber of repeated pilocarpine injections was restricted to fourteen

injections. To reduce the peripheral effects of pilocarpine, mice

were pretreated with methylscolpolamine (1 mg/kg, i.p.; Sigma-

Aldrich) 20 min prior to pilocarpine injection. After 70 min of SE,

seizures were terminated with the administration of diazepam

(10 mg/kg, i.p.).

Animals were randomly assigned to either the control or experi-

mental group. Age-matched controls (n = 5) received all pre- and

postpharmacological treatments (methylscopolamine, diazepam),

but were administered a vehicle injection of physiological saline

rather than pilocarpine. All subjects were closely observed during

periods of SE and given supportive care (e.g., food soaked in a 5%

glucose solution for 3 days) until normal eating and drinking

behavior resumed.

Drug Treatment

We determined the proper drug administration, dosage, and dos-

ing interval from previously published work [19]. JZL184 was

obtained from Caymen Chemical (Ann Arbor, MI, USA) and dis-

solved in a vehicle consisting of: 15% DMSO, 4.25% polyethylene

Figure 1 Schematic illustration of the experimental protocol used in this

study. Surgery: mouse received implantation of stainless steel guide

cannula and EEG electrode together 7 days before the induction of status

epilepticus (SE).
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glycol 400, 4.25% Tween-80, and 76.5% saline for chronic intra-

peritoneally (i.p.) administration (20 mg/kg, 7 days, twice daily).

RHC80267 (Biomol, Plymouth Meeting, PA, USA) was dissolved

in 100% N, N-dimethylformamide (DMF) and delivered via a

5-lL Hamilton syringe that had been threaded into the cannula of

each restrained subject. Each injection was administered intra-

cerebroventricularly (i.c.v., 1.3 lmol/animal) for 7 days at a fre-

quency of once per day. Other reagents in this study were

purchased from Sigma-Aldrich and dissolved in a 75% saline vehi-

cle prior to use. In this study, the volume of solutions to be admin-

istrated either i.p. or i.c.v. was 10 mL/kg and 1 lL, respectively.

Monitoring of Spontaneous Recurrent Seizures
(SRS)

The mice were observed for the development of SRS from the

third to the sixth week after pilocarpine-induced SE. Epileptic

mice were video-monitored (HVR-S270C; Sony, Tokyo, Japan)

for 12 h per day. The frequency, severity, and duration of daily

seizures were analyzed according to the observed behavioral sei-

zures by video recordings. Recordings were scored by two inde-

pendent and blind observers who did not know the results of

group allocation. Behavioral seizures were assessed according to

modified Racine’s scale (1972). In addition to video monitoring,

any spontaneous seizures that occurred during handling or other

experimental manipulations were also recorded.

EEG data were used to confirm behavioral seizures in this study.

For EEG recordings, mice were stereotaxically implanted with cor-

tical EEG electrodes as described previously [30], after which ani-

mals were allowed to recover for 1 week. A monopolar depth

electrode was implanted into the right hippocampal CA1 region

(coordinates vs. bregma: �1.94 mm anteroposterior, �1.0 mm

lateral, �1.25 mm depth). Three monopolar cortical electrodes,

frontal left (+1.0 mm anteroposterior, �2.0 mm lateral) and

occipital left/right (�4.0 mm anteroposterior, �4 mm lateral),

were also positioned on the dura mater. A ground electrode was

placed in the left prefrontal bone. EEG recordings were conducted

using Nihon Kohden 9200 Studio software (QP-219BK; Nihon

Kohden, Tokyo, Japan). Signals that were <1 Hz or >45 Hz were

filtered out by the software. Within EEG recordings, nonictal dis-

charges were distinguished from ictal discharges on the basis of

waveform morphology, frequency, and the associated behavioral

alterations as previously described [31]. Finally, behavioral

patterns that occurred during the EEG recordings were coded from

time-locked video recordings. Frequency and power analyses

of EEG data were performed by uploading the data to auto-

mated program for EEG analysis (MATLAB R2013B; The Math-

works, Inc., Natick, MA, USA and AcqKnowledge 4.2; BIOPAC

Systems, Inc., Worcester, UK, AD Instruments Ltd., Dunedin,

New Zealand).

Behavioral Evaluations

Behavioral tests were started 6 weeks after SE and conducted over

a time period of 4 weeks. Our control group consisted of an age-

matched, nonepileptic cohort (n = 5). These mice received all pre

(methylscopolamine) and post(diazepam) pharmacological treat-

ments for 7 days, except for pilocarpine.

Before each behavioral test, mice were habituated to the experi-

mental room for 30 min. All tests were performed in a dim back

room between 9:00 A.M. and 4:00 P.M. by the same two experi-

menters. Behavioral tests were conducted only when no SRS had

been observed for at least 1 h prior to the start of testing. If an SRS

happened at any point during the test, the subject was placed back

into its cage and the test repeated 1 h later. Our behavioral battery

included the open field test, elevated plus maze, tail suspension

test, and Morris water maze, the sum of which was used to evalu-

ate the level of spontaneous locomotor and exploratory activities,

anxiety- and depressive-like behaviors, as well as visual–spatial

memory in all subjects.

Open Field Test

Mice were placed in the center of a square open field

(50 9 50 9 40 cm) which was divided into 25 equal squares

(5 9 5 cm) that all contained peripheral and center areas. Sub-

jects were monitored for 5 min by a suspended camera that was

connected to a computer. This system was used to record the path

of each subject as well as count total distance covered, time spent

in each zone (peripheral or center), and the number of times rear-

ing occurred. Before each test, 20% alcohol was used to clean the

open field to remove any odors from prior subjects.

Elevated Plus Maze

The elevated plus maze was consisted of two pairs of opposing

arms (open arms dimensions of 30 9 590.5 cm and enclosed

arms dimensions of 30 9 5915 cm) that overlapped by a com-

mon central platform (5 9 5 cm) and was raised 40 cm above the

floor. Each trial was begun by placing the subject in the center

area and allowing them to face one of the open arms. All test ses-

sions lasted for 5 min and were recorded by a camera fixed above

the apparatus. We then analyzed the total distance moved and the

time the subject spent in the open arms. Before each test, the

maze was cleaned with 20% alcohol to remove any odors from

prior subjects.

Tail Suspension Test

Each mouse was suspended 30 cm above the floor by a piece of

adhesive tape which was affixed approximately 1 cm from the tail

tip. Each test lasted for 6 min. We defined immobility as the

amount of time each subject remained motionless. Each trial was

manually scored by a blind observer and stopped when either the

time elapsed or once the mouse climbed their tail or dropped from

the attachment. All trials were conducted in a dimly lit and sound-

proofed room.

Morris Water Maze

A round swimming pool (120 cm diameter, 50 cm height) was

used as the water maze apparatus, which was filled with water to

a depth of 22 cm and maintained at a constant temperature of

22 � 1°C. Milk power was dissolved in the water to make it opa-

que, thereby hiding a transparent escape platform (diameter of

10 cm). The escape platform was placed in the middle of one of
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the four quadrants. Digital tracking system and image analyzer

were connected to a camera hanging vertically down to the center

of the pool, which enabled them monitoring of subject swim pat-

terns and escape latency.

The total time for this experiment was 7 days and included a

familiarization phase, acquisition phase, and final probe test. In

the familiarization phase, the platform was situated 1.0 cm below

the water surface in the same quadrant each time. Mice were put

into the maze facing the wall at one of the four starting positions

and allowed 60 seconds to swim and find the platform. When

they found the platform, subjects were allowed an additional

30 seconds to rest. Subjects that failed to find the platform in the

allotted time were gently guided in the correct direction by the

experimenter. In these instances, the escape latency was recorded

as 60 seconds. Going in a clockwise manner, animals were placed

into another two quadrants, different from the initial starting

points as previously described. After 24 h from the end of the last

acquisition session, the platform was removed from the maze for a

single-trial probe test, which is used to evaluate the spatial mem-

ory ability of subjects. The trial lasted for 60 seconds. At the start,

mice were placed in the center of the maze, and the number of

times they crossed over the four areas previously inhabited by the

escape platform was recorded.

Histological Assessment of Neurodegeneration

Following behavioral testing, both pilocarpine-treated mice and

age-matched controls were deeply anesthetized with chloral

hydrate and transcardially perfused with 4% paraformaldehyde in

0.1 M phosphate buffer (pH 7.4). Cresyl-violet staining was used

on 25-lm-thick slices derived from both sets of tissue. The number

of hippocampal neurons was counted in every sixth section in

three areas of the hippocampus: CA1 (four fields), CA3 (two

fields), and the lateral area of the dentate gyrus (DG) in a medio-

lateral direction. Cells with a clear membrane and a visible

nucleolus were counted in five sections from each animal. This

measurement was then used to determine the relative change in

the number of neurons between the experimental groups and

controls. Any cells that had a somatic size of <3 lm were charac-

terized as either glial or necrotic and were excluded from further

analysis [32]. Visual assessment was conducted by two blind

observers, and all images were captured on an Olympus BX51

microscope equipped with a digital imaging system (Olympus

DP70 digital camera and software, Optronics, Goleta, CA, USA).

Images were analyzed using Image Pro Plus 6.0 (Media Cybernet-

ics, Silver Spring, MD, USA).

Statistics

Parametric or nonparametric statistical tests were used based on

the normal or nonnormal distribution of the data. Fisher’s exact

test was used to calculate significant differences in the incidence

of spontaneous seizures. Mann–Whitney U-test was used to calcu-

late significant differences in the seizure frequency, the duration,

and the severity of observed seizures. EEG, behavioral, and histo-

logical data were analyzed using an ANOVA with subsequent post

hoc testing for individual differences via the Bonferroni test. If

data were not normally distributed, an ANOVA for nonparametric

data (Kruskal–Wallis test), followed by post hoc testing for indi-

vidual differences (Dunn’s test), was used. Data management and

statistical analyses were performed in SPSS v16.0 (SPSS, Chicago,

IL, USA). All statistical significance was determined at P < 0.05.

Results

Induction of SE by Pilocarpine and Development
of Spontaneous Seizures after SE

Among all 60 mice injected with pilocarpine, 44 developed SE and

survived to the end of testing, 14 mice died during or shortly after

SE, and two mice died during the video-monitoring period. The

final size of the pilocarpine-treated groups used in this study was

11 (SE + saline [i.p.] group), 10 (SE + JZL [i.p.] group), 11

(SE + saline [i.c.v.] group), and 12 (SE + RHC [i.c.v.] group). SE

was characterized by continuous seizure activity in the limbs,

rearing and falling of the animal, straub tail, and repeated head

twitches. Occasional running and jumping seizures as well as gen-

eralized clonic–tonic seizures were also observed during SE. Sei-

zures were not observed during any time point during

experimental testing in control mice (n = 5). Treatment with

JZL184 or RHC80267 after SE had no effect on either the EEG

recordings or the behavior that was assessed by video recordings

(data not shown).

After the induction of SE and subsequent drug washout, we

used video recordings to measure the total number, severity, and

duration of observed SRS (Racine 4 or 5) for 4 weeks during the

chronic epileptic phase. In a subset of mice (n = 4 in SE + saline

[i.p.] group; n = 3 in SE + JZL [i.p.] group; n = 4 in SE + saline

[i.c.v.] group; n = 4 in SE + RHC [i.c.v.] group), the EEG was

recorded via cortical electrodes, illustrating that clinical seizures

were associated with paroxysmal EEG alterations similar to those

previously described [28]. During the period of video recordings,

observed SRSs were associated with paroxysmal high-frequency

spike activity with abrupt onset and termination in the EEG (Fig-

ure 2A). Furthermore, interictal EEG abnormalities (frequent

spikes occurring either isolated or in short bursts) were also

recorded (not illustrated). We did not observed distinct differences

among SE groups in the power spectrum analysis of interictal EEG

signals in chronic period (Figure 2 B,C).

During the video-monitoring period that occurred after SE,

spontaneous seizures were found in 11 (100%) of the SE + saline

(i.p.) group, 11 (100%) of the SE + JZL (i.p.) group, 10 (90.9%)

of the SE + saline (i.c.v.) group, and 9 (75%) of the SE + RHC

(i.c.v.) group (Figure 3A). Results indicate that RHC80267 treat-

ment significantly reduced the percentage of mice that experi-

enced SRS (P < 0.05, compared with SE + saline [i.c.v.] group).

Within a similar median seizure frequency in vehicle-treated

(SE + saline [i.p.] group, 19 per week; SE + saline [i.c.v.] group,

20 per week) and RHC-treated mice (18 per week), the JZL-trea-

ted mice exhibited a markedly increased seizure frequency (26 per

week; P < 0.05, compared with SE + saline [i.p.] group; Fig-

ure 3B). There was no statistical difference in the severity of SRS

across all groups (Figure 3C; P > 0.05). The averaged duration of

observed seizures was 28 � 0.8 seconds in SE + saline (i.p.)

group, 31 � 1.0 seconds in SE + JZL (i.p.) group, and

29 � 1.3 seconds in SE + saline (i.c.v.) group. When compared to
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vehicle-treated SE mice, RHC-treated mice showed significantly

decreased seizure duration (16 � 1.6 seconds; Figure 3D;

P < 0.05). These results indicate that early treatment with

RHC80267 after SE decreased both the occurrence and the dura-

tion of SRS.

Behavioral Alterations during Epileptogenesis

The open field test and elevated plus maze (EPM) were both used

to examine the effect of RHC80263 or JZL184 on anxiety-like

behaviors in epileptic mice. Results showed that the SE + JZL

(i.p.) group spent significantly more time near the periphery of

the open field and shorter amount of time near the center when

compared to SE mice treated with saline, indicating an increase in

anxiety-like behaviors in the JZL-treated group (Figure 4,

P < 0.05). Additionally, rearing activity and the distance traveled

by JZL-treated mice were also significantly decreased when com-

pared to vehicle-injected SE mice (Figure 4, P < 0.05).

In the elevated plus maze, JZL-treated mice tended to travel

less and remain in the open arms for a shorter amount of

time (Figure 5). Contrastingly, RHC-treated mice spent a

greater percentage of time in the open arms than vehicle-

injected controls. Altogether, these results demonstrate that

administration of JZL184 increases anxiety-like responses,

whereas RHC80267 treatment slightly attenuates anxiety-like

behaviors.

The tail suspension test indicated that JZL-treated mice were

immobile for significantly longer periods of time when compared

to vehicle-injected controls (P < 0.01, compared with SE + saline

(i.p.) group; Figure 6). Conversely, immobilility was remarkably

reduced by RHC80267 administration (P < 0.05, compared with

SE + saline (i.c.v.) group; Figure 6).

(A) (C)

(B)

Figure 2 Cortical EEG recording from mice

during chronic epileptic period. (A) normal EEG

in a control mouse, and typical paroxysmal EEG

alterations in SE + saline (i.p.) group, JZL-

treated SE group, SE + saline (i.c.v.) group, or

RHC-treated SE group. (B) graphs show total

EEG power (left) and the frequency and

amplitude parameters (right) during chronic

epileptic period in each group. (C) statistical

analysis of data by ANOVA indicates that total

EEG power is higher in SE mice compared with

control mice (P < 0.05). However, there is no

significant difference among SE groups in the

power spectrum analysis of interictal EEG

signals (P > 0.05).
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In the Morris water maze, epileptic mice exhibited significant

learning and memory impairments when compared to controls

without SE. This conclusion is based on an increased time to locate

the platform (escape latency) over the whole training period

when compared with control (Figure 7A). Results revealed that

RHC-treated SE animals learned significantly better than SE ani-

mals receiving vehicle injections (P < 0.05). However, JZL-treated

animals learned significantly more slowly than vehicle-injected

control animals (P < 0.05) and also tended to swim in circles away

from the destination rather than in a more strategic route. These

differences were not likely to be accounted for by differences in

swim speed, as an analysis of mean quadrant crossing time

revealed no significant differences between groups (P > 0.05, data

not shown). During probe trial test (escape platform removed),

the number of target area crossings was recorded. JZL-treated

mice showed an obscure preference for the target platforms than

vehicle-injected mice, whereas RHC-treated mice performed sig-

nificantly better than the vehicle-treated mice in this same test

(Figure 7B).

Effects of Drug Treatment on Hippocampal
Damage

Hippocampal damage was determined at 10 weeks after SE and

was characterized by neurodegeneration in the CA1, CA3, and DG

areas (Figure 8). The number of neurons in all three areas (CA1,

CA3, and DG) was significantly decreased in all groups that had

experienced epileptic seizures (P < 0.01, compared with control;

Figure 8). Remarkably, JZL-treated mice (n = 10) showed much

greater neuronal loss in the CA1, CA3, and DG than vehicle-trea-

ted SE mice (P < 0.05). We did not find a significant difference of

hippocampal damage in either the CA3 or DG in mice that had

been administered RHC80267 (n = 12, P > 0.05). However, the

CA1 region revealed significantly more cell loss in vehicle-injected

control than in the RHC-treated group (P < 0.05). These results

indicate a protective effect exerted by RHC80267 administration.

Discussion

In this study, we have shown that treatment with RHC80267,

which is an inhibitor of diacylglycerol lipase, suppressed SRS dur-

ing the chronic epileptic phase in a mouse model of temporal lobe

epilepsy (TLE). Furthermore, RHC80267 had beneficial effects on

the psychiatric and cognitive performances of animals with

chronic seizures. Finally, administration of RHC80267 resulted in

an inhibition of seizure-induced hippocampal neuronal loss. In

contrast, inhibition of the enzyme primarily responsible for

degrading 2-AG mediated by application of JZL184 resulted in an

increase in both the frequency and the duration of observed SRS.

Moreover, we found increases in subjects’ neuropsychologic

impairment as well as increased hippocampal damage following

SE. Thus, our findings suggest that RHC80267 might have a bene-

ficial effect on subjects after SE through decreasing the level of

endogenous CB receptor ligands.

CB1Rs are located mainly on presynaptic nerve terminals and

modulate neuronal excitability by suppressing the release of other

(A)

(D)

(B)

(C)

Figure 3 Effects of drug treatments on

development of spontaneous recurrent

seizures (SRS). SRS were recorded by video

and EEG monitoring from 3 to 6 weeks

following SE. (A) the percentage of mice per

group that exhibited spontaneous seizures

during video/EEG monitoring. (B) the frequency

of spontaneous seizures. (C) seizure severity.

(D) seizure duration. Data in C and D are shown

as mean � SEM, while individual values and

median seizure frequency are shown in B.

Analysis of data in A by Fisher’s exact test

indicated that RHC treatment significantly

reduced the percentage of mice that had

experienced SRS compared with the vehicle-

treated group (P < 0.05). Analysis of data in B

and C indicated that JZL-treated mice exhibited

a markedly increased seizure frequency

(P < 0.05), while the duration of observed

seizures was significantly decreased in RHC-

treated mice (P < 0.05). Analysis of data in D

indicated that there was no statistical

difference in the severity of SRS across all

groups. (#P < 0.05 compared with SE + saline

[i.p.] group; DP < 0.05 compared with

SE + saline [i.c.v.] group).
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neurotransmitters (e.g., glutamate, GABA, and dopamine)

[33,34]. The concentrations of 2-AG, which is one of the main

endogenous CB receptor ligands, can be enhanced by administra-

tion of JZL184 or reduced by RHC80267 [19]. We found a signifi-

cant decrease in the number and duration of SRS in the

RHC80267-treated group. This result suggests that endogenous

CB receptor activation may contribute to the process of epilepto-

genesis after SE. Given that CB1 receptors play a critical role in

inducing persistent changes in limbic networks during seizures

[16], future experiments will be needed to determine the mecha-

nism responsible for interaction between 2-AG attenuation and

epileptogenesis suppression.

In both animal models of TLE and human patients with TLE,

CB1 receptor agonists have been found to be potent

anticonvulsants [7,35]. Although the exact reason behind the pro-

tective actions of acute CB1 receptor activation is not fully known,

the most likely mechanism is the activity-dependent depression of

glutamate release [35,36]. However, recent data have shown that

the activity-dependent rise in endocannabinoids and the rapid

downstream activation of CB1 receptors may also be important in

triggering long-term hyperexcitability after an insult like SE [15].

Prolonged exposure to cannabinoids results in the development of

tolerance to the anticonvulsant effects of cannabinoids and an

exacerbation of seizure activity in a hippocampal neuronal culture

model [37]. Further, CB1R blockade immediately following a

brain insult prevents the emergence of chronic limbic hyperexcit-

ability caused by febrile seizures in the developing rat brain [16]

and abolishes the long-term increase in seizure susceptibility

(A) (B)

(C) (D)

Figure 4 Behavioral alterations of drug-

treated epileptic mice in the open field test. SE

mice without spontaneous recurrent seizures

were excluded, and all remaining mice used for

data analysis had developed epilepsy during

the chronic stage. Behavioral testing in the

open field was performed 7–10 weeks after SE.

(A) the total distance that the mice moved

during the open field test. (B): (C): the time that

mice spent in the center of the open field. (C)

the frequency that mice enter the center of the

open field. (D) the number of rearings in the

open field. Analysis of data by ANOVA

indicated significant differences between JZL-

treated mice and SE mice treated with vehicle-

injected saline. JZL-treated group spent a

significantly smaller amount of time in the

center of the open field (P < 0.01). Rearing

activity and the distance traveled by JZL-

treated mice in the open field were also

significantly reduced (P < 0.01). (##P < 0.01

compared with SE + saline [i.p.] group).

(A) (B)

Figure 5 Behavior alterations of drug-treated epileptic mice in the elevated plus maze. (A) the total distance that the mice moved during the test. (B) the

time that mice spent in the open arms of the maze. JZL-treated mice tended to travel and stay for a smaller amount of time in the open arm of the maze

(P < 0.01). RHC-treated mice spent a greater percentage of time on the open arms than vehicle-injected controls (P < 0.05). (##P < 0.01 compared with

SE + saline [i.p.] group; DP < 0.05 compared with SE + saline [i.c.v.] group).

ª 2014 John Wiley & Sons Ltd CNS Neuroscience & Therapeutics 20 (2014) 905–915 911

L. Ma et al. RHC80267 and JZL184 Modify Epilepsy



caused by head injury in rats [15]. Consistent with these studies,

our present results support the idea that the acute downregulation

of levels of endogenous CB receptor ligands during the epilepto-

genic latency phase following SE suppressed chronic spontaneous

seizures in a mice model of TLE.

Consistent with previous findings [38], in this study, epileptic

mice exhibited significant increases in depressive- and anxiety-

like behaviors, as well as severely impaired spatial learning and

memory. The high level of expression of CB1 receptors in brain

areas involved in the regulation of mood functions and cognition

(e.g., amygdala, cortex, and hippocampus) implies that the endoc-

annabinoid system is likely involved in emotional and cognitive

processing [39]. In line with this concept, there is the potential for

pharmacological manipulation of the endocannabinoid system as

a novel approach for emotional and cognitive regulation [39]. A

decrease in the functioning of endocannabinoid receptors is con-

sidered a predisposing factor for major depression [18]. The link

between endocannabinoids and anxiety is more complicated and

often results in widely differing effects that depend on the drug,

the dose, the species, and the model used [17]. Nevertheless, the

majority of preclinical studies have found that CB1 receptor agon-

ists are anxiogenic at high doses [19,40,41] and ineffective at low

doses [42,43]. Our results have shown that RHC80267 treatment

during the latency period following induction of SE attenuates

depressive- and anxiety-like behaviors during the chronic epilep-

tic period. These data point to a potential positive effect of modu-

lation of endocannabinoid levels on mood regulation after SE.

Although the neurobiological role of 2-AG in psychiatric disorders

is still poorly understood, the present data indicate that relatively

prolonged exposure to an inhibitor of diacylglycerol lipase, with

subsequent decrease in 2-AG levels during the latency phase fol-

lowing pilocarpine-induced SE, might be beneficial to some of the

cognitive comorbidities found in chronic epilepsy.

It is well known that marijuana and other cannabinoid receptor

agonists produce disturbances in animal models of learning and

memory [19–21]. 2-AG has been proposed to modulate a number

of signaling pathways critically implicated in the deleterious effect

of cannabinoids on learning and memory [44]. Recent evidence

revealed that JZL184 increased 2-AG levels in the hippocampus,

prefrontal cortex, and cerebellum and resulted in disrupted short-

term spatial memory performance via a CB1R-dependent mecha-

nism of action [45]. In parallel with these findings, our study dem-

onstrated that a reduction in 2-AG levels, and subsequent CB1R

activation, may prevent spatial memory impairment after SE.

However, the possibility that the antiepileptogenic effect of

RHC80267 is working through other mechanisms to produce ben-

eficial regulation on mood functions and cognition cannot be

excluded at this time.

As a result of their ability to normalize glucose homeostasis, pre-

vent calcium influx, and reduce oxidative injury through the acti-

vation of CB1Rs in neurons or astrocytes, cannabinoids have been

proposed as promising neuroprotective molecules [36,46,47]. In

addition, cannabinoids have been found to decrease local inflam-

matory events by modulating peripheral blood lymphocytes,

Figure 6 Behavior alterations of drug-treated epileptic mice in the tail

suspension test. Analysis of data by ANOVA indicated that immobility

time was increased significantly in subjects administered JZL184

(P < 0.01) and reduced in subjects given RHC (P < 0.05). (##P < 0.01

compared with SE + saline [i.p.] group; DP < 0.05 compared with

SE + saline [i.c.v.] group).

(A) (B)

Figure 7 Learning of platform location by drug-treated epileptic mice in the Morris water maze. (A) the mean time to reach the hidden platform (“escape

latency”) during the 7 days of water maze testing (acquisition period). Comparison of escape latencies of day 1 versus day 7 indicated a significant

learning effect for all groups. (B) data from the probe trial in which the platform was removed and the crossings of the former platform position during a

single trial were recorded. Statistical analysis of data by ANOVA revealed that RHC-treated SE animals learned significantly better than SE animals

receiving only vehicle injection (P < 0.05). JZL-treated animals learned significantly more slowly than vehicle-injected control animals (P < 0.05).

(##P < 0.01 compared with SE + saline [i.p.] group; DDP < 0.01 compared with SE + saline [i.c.v.] group).
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interfering with migration of lymphocytes across the blood-brain

barrier, and controlling microglial/macrophage activation [48].

However, these data show that hippocampal damage was attenu-

ated in mice that had received RHC80267, whereas JZL-treated

mice showed significantly greater neuronal loss. The discrepancy

between this result and previous studies can be interpreted in two

ways. First, CB1Rs are not only present on neurons, but are also

found on astrocytes, albeit at lower concentrations. Activation of

astrocytic CB1Rs induces release of calcium from intracellular

stores and triggers glutamate release, which can result in an

increase in the injury of neighboring neurons [49–51]. Second,

hippocampal damage was examined at a chronic stage in our

experiment, whereas the neuroprotective effects of cannabinoids

were observed in acute seizure models (hours to several days) in

previous studies. Thus, antiepileptogenic effects of RHC80267

treatment during the latency phase in this model might partly

account for its neuroprotective effects during chronic stage of TLE.

One limitation of our study is that we did not examine the lev-

els of 2-AG in our subjects. However, prior studies using our same

protocol have shown that both JZL184 and RHC80267 induced

changes in 2-AG concentration [19,27]. In addition, both

RHC80267 and JZL184 have multiple biological effects other than

regulating 2-AG level in the brain. RHC80267 inhibit cholinester-

ase and potentiates cholinergic activities [52]. Although JZL184

increases brain 2-AG level by inhibition of MAGL, it exhibits a

lack of selectivity and 2-AG is not the only substrate of MAGL

[53]. Therefore, 2-AG regulation might not be the exclusive expla-

nation for the effects of RHC80267 and JZL184 in the present epi-

lepsy model. Moreover, the proconvulsant nature of CB1R

blockade [7] is a drawback that must be addressed before it can be

employed as a possible therapy. That being said, it is unlikely that

RHC80267 treatment would aggravate pilocarpine-induced sei-

zures in the present study given that we did not record any

increase in EEG-recorded or behavioral seizures after the termina-

tion of SE.

In summary, the data reported here suggest that RHC80267

treatment after the onset of SE during the latency phase of epile-

ptogenesis may produce significant beneficial effects over a

chronic timeline. These results reiterate the importance of endoc-

annabinoid signaling in SE and present it as a target for novel

(A) (B)

(C) (D)

(E) (F)

(G) (H)

Figure 8 Representative thionin-stained

coronal sections of the hippocampal formation

and severity of neuronal damage in the

hippocampal formation of epileptic mice.

Hippocampal neuronal loss was assessed in

control (A), vehicle-treated (i.p.) SE mice (B),

JZL-treated mice (C), vehicle-treated (i.c.v.) SE

mice (D), and RHC-treated mice (E) at 10 weeks

after SE. SE mice showed substantial neuronal

loss in the CA3, CA1, and DG regions of the

hippocampus. (F–H) Quantitative analysis

demonstrated that JZL184 treatment led to

much more neuronal loss in the CA3, CA1, and

DG areas than vehicle-treated control

(P < 0.05), while RHC treatment significantly

attenuated the neuronal loss in the CA1 area

(P < 0.01). #P < 0.05 compared with

SE + saline (i.p.) group; DDP < 0.01 compared

with SE + saline [i.c.v.] group. Scale bars:

200 lm.
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agents to prevent epileptogenesis and therefore improve patients’

quality of life.
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